Small ubiquitin-like modifier (SUMO) conjugation (SUMOylation) is a post-translational protein modification that modulates almost all major cellular processes, and has been implicated in many human diseases. A growing body of evidence from in vitro and in vivo studies demonstrates that increasing global levels of SUMO conjugated proteins (global SUMOylation) protects cells against ischaemia-induced damage, while suppressing global SUMOylation promotes cell injury after ischaemia. Indeed, SUMOylation has emerged as a potential therapeutic target for neuroprotection in brain ischaemia, including global brain ischaemia and focal brain ischaemia (ischaemic stroke). Here, we summarise findings on the role of SUMOylation in human diseases, brain ischaemia in particular, and review recent developments in drug discovery targeting SUMOylation with a major focus on its neuroprotective applications.
INTRODUCTION
The brain is particularly vulnerable to even a short period of insufficient blood supply, because of its lack of energy reserves. Ischaemic insult in the brain often impairs neurological functions, and is associated with major cardiac surgery and various pathological states of high clinical significance including cardiac arrest and ischaemic stroke. Each year, almost 800 000 people in the USA alone suffer devastating consequences of stroke, 1 and this problem is even more serious in developing countries. 2 Stroke-induced disability is a great burden for patients and their families, and presents significant challenges for healthcare systems today. Since age is a key risk factor for stroke, these problems will become even more pronounced in the near future as the median age of our population continues to increase. Despite decades of efforts to develop strategies that protect the brain against ischaemia-induced damage, therapeutic hypothermia remains the only neuroprotective option in the clinic. No pharmacological neuroprotectant has yet been shown to improve outcomes for patients with brain ischaemia. Therefore, novel neuroprotective strategies are still urgently needed to increase resistance of the brain to ischaemic insult.
Brain ischaemia is a complex pathological process that involves many signalling pathways. Traditionally, single signalling pathways or functional processes have been explored as targets for therapeutic strategies that provide neuroprotection. However, all clinical trials based on this work have yielded disappointing results in the clinical setting. 3 4 An approach that targets a multifunctional cellular process that coordinates many signalling pathways/processes in brain ischaemia may be a better strategy. 4 Mounting evidence indicates that small ubiquitin-like modifier (SUMO) conjugation (SUMOylation), a posttranslational modification, is a promising candidate, and as such, a novel target with tremendous neuroprotective potential in brain ischaemia. In this review, we first provide a brief overview of the SUMO pathway, then summarise the current findings on the role of SUMOylation in human diseases, especially brain ischaemia, and finally highlight recent progress in drug discovery that targets global SUMOylation with a major focus on applications in brain iscahemia.
The SUMO pathway SUMO is a group of small proteins consisting of about 100 amino acids. 5 6 In mammalian cells, three SUMO isoforms have been discovered: SUMO1, 2 and 3. SUMO2 and SUMO3 are almost identical, and are thus normally referred to as SUMO2/3. SUMO1, however, shows only 50% sequence homology with SUMO2/3. It is important to note that despite their similarities, differences in expression levels of SUMO2 and SUMO3 can have a profound impact on physiological outcomes. For example, SUMO2 is the predominately expressed SUMO isoform in mice. Deletion of Sumo2 is embryonic lethal, while deletion of Sumo3 shows no overt phenotype.
SUMO proteins can covalently bond to the lysine residues of target proteins (SUMOylation), and thereby regulate their activity, stability and subcellular localisation. Before SUMOylation can occur, however, SUMO-specific proteases (SENPs) must proteolyticly process all SUMO precursors to expose the C-terminal functional motif. Similar to ubiquitination, SUMOylation requires three conserved steps that are catalysed by corresponding enzymes: an E1 activating enzyme-SUMO-activating enzyme subunit 1/2 (SAE1/SAE2), the solo E2 conjugating enzyme Ubc9, and various E3 ligating enzymes. The first activation step, mediated by an E1 enzyme, is an ATP-dependent reaction, and thus could be the limiting step of SUMOylation in certain conditions, including brain ischaemia, that cause rapid ATP depletion. Ubc9 is the only E2 conjugating enzyme that has been identified. Blocking or overexpressing Ubc9 has been widely used as an effective approach to study the consequence of modulating global SUMOylation in cells or animals under normal or stress conditions. 8 9 The mechanism(s) that drive substrate specificity of SUMOylation are poorly understood. The interaction between substrates and the domains of specific E3 ligating enzymes contributes to the substrate selection in some cases. However, thousands of SUMO targets have been identified by proteomics studies, which is in sharp contrast to only a handful of known SUMO ligating enzymes. This suggests that many SUMO ligating enzymes have not yet been identified, and/or that other mechanisms could control the substrate specificity of SUMOylation.
SUMO modification is a dynamic process involving SUMOylation and de-SUMOylation. The de-SUMOylation to remove SUMO from targets is primarily mediated by SENPs. Six SENPs (SENP1-3 and 5-7) have been identified in mammalian cells (reviewed in Hickey et al).
10 SENPs are cysteine proteases that play two major roles in the SUMO pathway: (1) as endopeptidases to remove the C-terminal extension and expose the di-glycine (GG) motif of SUMO precursors, and (2) as isopeptidases to de-conjugate SUMOylated proteins. SENPs show distinct SUMO preferences for endopeptidase and isopeptidase activities. Using purified proteins, Mendes et al 11 found that SENP1 and SENP2 are the most potent of the SENPs for endopeptidase and isopeptidase activity in all SUMO isoforms. However, studies on SENP mutant mice revealed that SENP1 acts to de-SUMOylate primarily SUMO1-conjugated proteins, while SENP2 preferentially de-conjugates SUMO2/ 3-conjugated proteins. 12 13 This in vivo information is crucial when targeting SENPs for drug discovery, since the compounds identified eventually will be tested in animals. For example, if the goal is to identify potent compounds that increase mainly the levels of SUMO2/ 3-conjugated proteins in animals, SENP2, among all SENPs, should be considered as a screening target. Of note, in addition to SENPs, three new SUMO proteases (DeSI-1, DeSI-2 and USPL1) have been identified. 14 15 They appear to have de-conjugation capability on only a few particular substrates, however. Indeed, in contrast to SENPs, silencing these enzymes has no obvious effect on global SUMOylation in cells. 14 15 SUMOylation in human diseases SUMOylation regulates almost all major cellular processes including gene expression, DNA damage repair, RNA processing and quality control of newly synthesised proteins-all of which are essential for maintaining cellular homoeostasis. Numerous studies have now provided evidence that links SUMOylation to the pathophysiology of many diseases including cancer, heart diseases and brain ischaemia.
Cancer Among all SUMO-related diseases investigated to date, cancer has been the most extensively studied. Considering the role of SUMOylation in maintaining cell function under stress/unfavourable conditions, it is not surprising that substantial evidence indicates a positive association between SUMOylation and cancer cell growth, tumourigenesis, metastasis and poor prognosis. 16 For example, we found that levels of both Ubc9 and global SUMOylation are significantly increased in human brain tumour samples, and are most pronounced in glioblastoma multiforme tumours (GBM), the deadliest malignant primary brain tumours. 17 Given that GBM are known for high resistance to standard radiotherapy and chemotherapy, and that SUMOylation is a key component in DNA damage repair processes, it is intriguing to speculate that inhibition of global SUMOylation may increase the sensitivity of glioblastomas to radiotherapy or chemotherapy. Importantly, Bossis et al 18 demonstrated that pharmacological inhibition of the SUMO pathway can overcome chemoresistance in some leukaemia cell lines. Targeting SUMOylation in cancer therapy has now attracted considerable interest. 16 Heart diseases SUMO homoeostasis must be finely balanced for normal heart development and function. An imbalance in SUMOylation/de-SUMOylation contributes to cardiovascular heart diseases (for detailed review, see Mendler et al). 19 For example, SUMOylation of the sarcoplasmic/endoplasmic reticulum (ER) Ca 2+ ATPase (SERCA2a) positively controls its activity and stability, which is critical for heart function. In mice with heart failure, the levels of SUMO1 decrease in the heart. Consequently, SERCA2a loses its SUMOylation state, which reduces its ATP-binding affinity and ATPase activity. Notably, the pathological state of the failing heart can be substantially alleviated by virus-mediated SUMO1 gene delivery. 20 Similarly, in a swine model of ischaemic heart failure, viral transfer of the SUMO1 gene significantly improves cardiac function. 21 Although these studies indicate that SUMOylation-based strategies have great potential for treating heart diseases, published findings in this field are not consistent, and thus a better understanding of the role of SUMOylation in heart diseases is still needed. 19 Brain ischaemia A massive increase in global SUMOylation in the brain was first observed in hibernating squirrels. 8 In this study, the Hallenbeck group used hibernation as a natural ischaemia tolerance model to identify endogenous neuroprotective pathways, and found a marked increase in the levels of both SUMO1-conjugated and SUMO2/ 3-conjugated proteins in the brain during the torpor phase of hibernation. During torpor, the body temperature is ∼5°C, and heart rate and cerebral blood flow are dramatically reduced to otherwise lethal levels. The authors therefore hypothesised that increased global SUMOylation is a molecular mechanism underlying this ischaemia tolerance during torpor, that is, hypothermiamediated neuroprotection. To support this hypothesis, they showed that preconditioning (a short period of oxygen/glucose deprivation (OGD)) with hypothermia increases global SUMOylation in SHSY5Y cells, which in turn, contributes to cell protection against severe OGD, an in vitro ischaemia model. Since therapeutic hypothermia is currently used in the clinic to protect the brain from ischaemic damage, our group set out to determine whether SUMOylation also plays a role in neuroprotection conferred by therapeutic hypothermia. We demonstrated, for the first time, that when animals are exposed to various degrees of hypothermia ranging from 18°C to 30°C, both deep and moderate hypothermia activate the SUMOylation pathway, and induce nuclear accumulation of SUMO2/3-conjugated proteins. 22 23 Therefore, we proposed that SUMOylation contributes to the neuroprotection afforded by therapeutic hypothermia. This notion has been substantiated by the finding that hypothermic treatment has no additional protective effect on stroke outcome in Ubc9 transgenic mice, which sustain high levels of global SUMOylation. 24 Together, these results strongly support a major role for increased global SUMOylation in hypothermia-mediated brain protection against ischaemic insults. However, to definitively prove this hypothesis, genetically modified SUMO mice and pharmacological modulators of the SUMOylation pathway may be required in future studies. If this hypothesis is eventually validated, pharmacologically increasing global SUMOylation could be a promising clinical strategy for protecting the brain against ischaemic damage associated with various surgical procedures, and thereby avoid the adverse effects related to therapeutic hypothermia treatment.
The first evidence that established a link between SUMOylation and a pathological state of brain ischaemia was reported by our group. We found that transient forebrain ischaemia rapidly induces a massive increase in the levels of SUMO2/3-conjugated proteins during reperfusion. 25 This finding initiated many follow-up studies on SUMOylation in various brain ischaemia animal models. 9 24 26-30 In one of these studies, we showed that after transient focal cerebral ischaemia induced by middle cerebral artery occlusion (MCAO), an ischaemic stroke model, activation of SUMO2/3 conjugation is most pronounced in neurons located at the border of the tissue supplied by the MCA where it is characterised by translocation of SUMO-conjugated proteins to the nucleus. Surprisingly, even a short, nondamaging period of MCA occlusion is sufficient to massively activate this process. 27 These data suggest that postischaemic activation of SUMO2/3 conjugation is a protective stress response in neurons. This notion is corroborated by results from cell culture and animal studies. 8 9 31-33 For example, under normal conditions, blocking SUMO2/3 conjugation in primary neurons does not trigger cell damage. However, after OGD, it significantly increases cell death. 33 Transgenic mice overexpressing Ubc9 (the only SUMO E2 conjugating enzyme) exhibit increased levels of SUMO1-conjugated and SUMO2/3-conjugated proteins, and show improved outcome after stroke. 9 These data demonstrate the neuroprotective role of SUMO conjugation after brain ischaemia. To more directly characterise the function of each SUMO in brain ischaemia, individual SUMO knockout mice are needed. All of these mice have recently become available, 7 34 except SUMO2 conditional knockout mice. 7 Potential mechanisms underlying SUMOylation-mediated neuroprotection in brain ischaemia Thousands of SUMO target proteins have been identified. The increase in global SUMOylation observed in brain ischaemia is expected to affect many proteins and their related pathways/processes. Thus, it could be difficult, if not impossible, to pinpoint one, or even a few SUMO targets or pathways that play a key role in SUMOylation-mediated neuroprotection. However, recent progress in this field provided valuable information about potential mechanisms, including crosstalk between SUMOylation and ubiquitination, and the change in SUMOylation status of proteins that are crucial to the pathogenesis of brain ischaemia.
The crosstalk between SUMOylation and ubiquitination has been reported in several cell culture proteomics studies. One study demonstrated that SUMOylationactivated ubiquitination is essential for quality control of newly synthesised proteins and misfolded proteins. 35 Interestingly, the accumulation of misfolded proteins in the ER causes ER stress, which is a hallmark of brain ischaemia. ER stress-mediated cell death is a major factor in ischaemic brain damage. Therefore, SUMOylation-dependent ubiquitination may be involved in defining the fate and function of postischaemic cells. Indeed, a recent proteomics study, using a novel SUMO transgenic mouse model with forebrain-specific expression of epitope-tagged SUMO1-3, revealed, for the first time, the extensive in vivo crosstalk between ubiquitination and SUMOylation after transient forebrain ischaemia. 26 Identification and characterisation of individual SUMO targets involved in brain ischaemia is just beginning. Many important proteins in ischaemia-related signalling pathways and neuronal function are SUMO targets. These include hypoxia inducible factor 1, heat shock factor 1, IκBα and potassium channel proteins. 36 However, the extent to which SUMOylation of these proteins is involved in the response to brain ischaemia is largely unknown. A recent proteomics study on brain samples collected after forebrain ischaemia, has generated the first data set of in vivo SUMO targets regulated by ischaemia. This data set presents a valuable resource for future studies. In this study, western blot analysis showed that glucocorticoid receptor (GR) is the most prominent SUMO target induced by ischaemia. This is an important discovery and warrants further study, because SUMOylation critically modulates GR activity, and the GR pathway contributes to brain ischaemia outcome. To date, only two studies have reported findings on the role of SUMOylation of a particular protein in cell death after ischaemic stress. In an in vitro OGD study, Guo et al 37 reported that SUMOylation of Drp1 ensures that Drp1 remains in the cytoplasm and thus, suppresses Drp1-mediated release of cytochrome c from mitochondria, thereby preventing cell death. A recent in vivo MCAO study provided some evidence suggesting that NCX3 SUMOylation is involved in SUMO-mediated beneficial effects during ischaemic preconditioning. 28 Drug discovery targeting SUMOylation for neuroprotection As discussed above, an increase in global SUMOylation is believed to be an endogenous neuroprotective mechanism whereby brain cells become more resistant to a transient episode of low blood flow. Considering the multifactorial effects of SUMOylation, and the continuing failure of clinic trials that target a single pathway/ process to neuroprotection in stroke, we believe that SUMOylation is a promising therapeutic target for brain ischaemia. In fact, while the protective mechanisms of SUMOylation in brain ischaemia continue to be unravelled, considerable effort has already been directed towards identifying compounds that pharmacologically increase global SUMOylation, and testing the feasibility of this strategy for neuroprotection.
In contrast to the many years of research on drug discovery in the ubiquitin field, 38 targeting SUMOylation for therapeutic purposes is still in its infancy. SUMOylation and ubiquitination are highly homologous as they both require three enzymatic steps to conjugate their respective modifiers to lysine residues on target proteins, and one enzymatic step for de-conjugation. Therefore, advances in the ubiquitin field will inform the development of potential SUMOylation-based therapeutic interventions.
In 2003, the Food and Drugs Administration (FDA) approved bortezomib (Velcade, Millennium Pharmaceuticals), the first successful anticancer drug that targets the ubiquitin-proteasome system. 38 The implications of this approval are significant because it not only confirms that the ubiquitin pathway is a valid drug target, but it also demonstrates that targeting a complex network that modulates many proteins is a feasible approach. Recently, de-ubiquitylating enzymes (DUBs), which are critical regulators of the ubiquitinproteasome system, have emerged as potential drug targets. 39 Many drug discovery studies that target the isopeptidase activity of DUBs, have reported impressive results. 39 Further, Reverdy et al 40 have shown that it is feasible to identify compounds with high selectivity for a specific DUB. In the SUMO pathway, SENPs are the counterparts of DUBs.
The remarkable progress in the ubiquitin field has inspired confidence that SUMOylation is also a promising target for drug discovery. Since boosting global SUMOylation is believed to be neuroprotective in brain ischaemia, we summarise here only the recent discoveries of compounds that increase SUMOylation. Increasing global SUMOylation requires balance between conjugation and de-conjugation processes. Thus, compounds that activate the SUMO E1 or E2 enzyme, or inhibit SENP de-conjugation enzymes are expected to achieve this goal. A recent study used SUMO E1 and E2 as targets to screen over 100 000 compounds from large National Cancer Institute (NCI) libraries. 41 The most promising compound identified was N106, which can increase SUMO conjugation in cells through direct activation of the SUMO E1 enzyme. Notably, treatment with N106 shows beneficial effects on cardiac function in a mouse model of heart failure. If this compound is blood-brain barrier permeable, it may also be applicable in brain ischaemia.
However, it is generally believed that inhibition of enzymes by small molecules is much less challenging than activation. Therefore, perhaps the best strategy to identify new classes of compounds that increase SUMOylation is to search for compounds that block de-SUMOylation by inhibiting the isopeptidase activity of SENPs. Indeed, major efforts in this field have been put into screening for specific SENP inhibitors. To date, several classes of SENP inhibitors have been discovered (table 1) . Of note, in most of those studies, SENP1 has been used as the screening target due to its preference for SUMO1-conjugated proteins and its key role in cancer development.
Notably, only two virtual screening studies provide evidence that the inhibitors identified can increase global SUMOylation in cells, 44 46 and their effectiveness in animals is not yet known. Further, most SENP inhibitors reported to date appear to be suitable only as analytical tools because they lack drug-like properties. Thus, there is still a great need to identify new classes of specific SENP inhibitors. For this, conventional high throughput screening (HTS) is more promising than virtual screening. Currently, there are a few biochemical assays that can be adapted to screen for SENP inhibitors in an HTS system. 49 Most of these assays use an SENP catalytic fragment and artificial peptide-based fluorogenic substrates such as SUMO1-7-amino-4-methylcoumarin (AMC), because this kind of assay is easy to set up, and the fluorescence signal generated by a leaving group, for example, AMC, can be quantitatively measured. Fluorescence resonance energy transfer (FRET)-based assays have also been developed. The substrate used in these assays is a SUMO precursor flanked by two fluorescent proteins, which produce a FRET signal if the substrate is intact and not cleaved by SENP. A few HTS studies that used these assay methods have been carried out, and the data are deposited in the PubChem BioAssay database (http://pubchem.ncbi.nlm.nih.gov/). Surprisingly, no hits from these screens have yet been reported in research publications.
Here, we propose that physiologically relevant assay substrates, that is, SUMO-conjugated proteins, be used to search for SENP inhibitors in future HTS projects, rather than the artificial substrates aforementioned. Indeed, the data from a nuclear magnetic resonance analysis of the inhibition mechanism of a compound indicated that the inhibitory effect could vary depending on whether an artificial substrate or a physiological substrate is used. 46 Although two groups have established FRET-based assays using a physiological substrate-SUMO1-conjugated RanGAP1-neither assay is designed for HTS. 50 51 Our group has developed an AlphaScreen-based and HTS-compatible assay that is designed to screen for inhibitors of the isopeptidase activity of SENP. 52 This assay uses a SUMO-conjugated protein as substrate, and is robust and reliable. 49 This platform, therefore, can be used in future HTS studies to screen for new classes of inhibitors targeting SENP isopeptidase activity. Such future efforts may have a great impact on research in neuroprotection because the new drug-like SENP inhibitors identified are expected to have great potential to boost global SUMOylation in the brain, thereby increasing the brain's resistance to ischaemic injury, and improving outcomes following an ischaemic event.
Of note, a recent study took a different approach to increase SUMOylation, and identified specific inhibitors of miR-182 or miR-183. 53 The rationale for this study is that levels of the miR-200 family and the miR-182 family decrease in squirrel brain during the torpor phase when global SUMOylation is increased, and further, that inhibiting these microRNAs increases global SUMOylation in cells. 53 In this screening, the authors designed a luciferase reporter assay, and screened three small libraries. A dozen compounds were identified, and interestingly, most of them could increase global SUMOylation and provide protective effects for cells in OGD experiments. Since the screening libraries used are collections of pharmacologically active compounds that are in clinical use, clinical testing or preclinical testing, the repurposing potential of these compounds in animal models of brain ischaemia is high.
Conclusions and perspectives
A substantial amount of evidence now supports the notion that increased global SUMOylation is protective in postischaemic cells. Notably, a recent study showed that the flavonoid quercetin protects cells against OGD. This protection is largely mediated by increasing global SUMOylation via the inhibitory effect of quercetin on SENPs. 54 This study by Lee and colleagues demonstrated, for the first time, that increasing global SUMOylation via an SENP inhibitor is neuroprotective in cell culture. Taken together, we believe that the research in this field has laid the foundation for launching drug discovery efforts that target SUMOylation to promote neuroprotection in brain ischaemia. This will require a close collaboration between experimental neurology groups and drug discovery groups. Future HTS projects are expected to use physiologically relevant substrates to screen a variety of large libraries. Further, it may be best to search for pan SENP inhibitors rather than SENP-specific inhibitors, in order to increase the probability of success in testing this novel neuroprotective strategy in brain ischaemia. Therefore, the catalytic C-terminal fragment of an SENP, which contains the conserved cysteine protease domain, should be used as the screening target rather than a full-length SENP protein because data suggest that in cells, the N-terminal regions of SENPs determine substrate specificity. 55 As more efforts are invested in this field, we expect that data from a proof-of-concept animal experiment will become available soon, and will validate this new exciting target for providing neuroprotection in the brain that is under ischaemic insult.
